Correspondence : Virginia Tirino (virginia.tirino@unina2.it) Human dental pulp stem cells (hDPSCs) are mesenchymal stem cells that have been successfully used in human bone tissue engineering. To establish whether these cells can lead to a bone tissue ready to be grafted, we checked DPSCs for their osteogenic and angiogenic differentiation capabilities with the specific aim of obtaining a new tool for bone transplantation. Therefore, hDPSCs were specifically selected from the stromal-vascular dental pulp fraction, using appropriate markers, and cultured. Growth curves, expression of bone-related markers, calcification and angiogenesis as well as an in vivo transplantation assay were performed. We found that hDPSCs proliferate, differentiate into osteoblasts and express high levels of angiogenic genes, such as vascular endothelial growth factor and platelet-derived growth factor A. Human DPSCs, after 40 days of culture, give rise to a 3D structure resembling a woven fibrous bone. These woven bone (WB) samples were analysed using classic histology and synchrotron-based, X-ray phase-contrast microtomography and holotomography. WB showed histological and attractive physical qualities of bone with few areas of mineralization and neovessels. Such WB, when transplanted into rats, was remodelled into vascularized bone tissue. Taken together, our data lead to the assumption that WB samples, fabricated by DPSCs, constitute a noteworthy tool and do not need the use of scaffolds, and therefore they are ready for customized regeneration.
Introduction
Several medical disciplines have focused with increasing interest on the regeneration of organs and tissues damaged by diseases, trauma or ageing, through the use of stem cells, which show the remarkable ability to give rise to a plethora of cell types [1] . The use of autologous and allogeneic stem cells, isolated from various tissues of adults, has fewer ethical problems than the use of embryonic stem cells [2] . One easily accessible source of mesenchymal stem cells is the dental pulp, which is a stromal, fibrous, highly vascularized structure located in the inner part of the tooth [3, 4] . Stem cells from human dental pulp stem cells (hDPSCs) express several transcription factors that are involved in the maintenance of self-renewal and pluripotency, such as Sox2 and NANOG [5] , and specific mesenchymal stem cell markers, such as CD90 [6] . Under defined culture conditions, hDPSCs differentiate into numerous cell types, including osteogenic, adipogenic, neurogenic and neural crest-derived cells [7] [8] [9] [10] [11] [12] . Several studies have shown that hDPSCs can be successfully used in clinical practice as a new therapeutic tool for healing bone defects [13] [14] [15] .
Important issues have been addressed concerning the clinical use of hDPSCs, including the development of materials that are safe for human use for the isolation and maintenance of cells selected for therapy. Therefore, procedures and good manufacturing practice (GMP) protocols are needed for the culture of the stem cells for clinical use. In this context, it seems that GMP-approved human serum (HS) may be of interest for use in cell manipulation. Another important point arises from the capability of these stem cells to fabricate, already in vitro, samples of bone tissue.
A major task in this research was to find advanced techniques that could verify and quantify the mineralization process and the neovascularization of the proposed bone substitutes, at the early stages of bone formation. In this context, third-generation synchrotron sources, producing brilliant photon beams with high spatial coherence properties, have been demonstrated to be suitable for these studies [16, 17] by the application of phase-sensitive, X-ray imaging methods.
Therefore, the aim of the present study was to challenge the differentiation potentials of DPSCs, assessing their capability of directly producing a transplantable bone tissue and evaluating their histological and physical properties in vitro, as well as their behaviour after in vivo transplantation, for direct use in human bone tissue engineering.
Materials and methods

Human dental pulp extraction and cell culture
Human dental pulps were extracted from teeth of healthy adults (aged 21-38 years). Before the extraction, each individual (n = 40) was checked for systemic and oral infections or diseases. Only patients undergoing a third molar or supernumerary tooth extraction were interviewed and enlisted. All participants signed the Ethical Committee (Second University Internal Ethical Committee) consent form before being enrolled. Every participant was pretreated for a week with professional dental hygiene. The dental crown was covered with 0.3% chlorhexidine gel (Forhans) for 2 min before the extraction. Dental pulp was obtained with a dentinal excavator or a Gracey curette. The pulp was delicately removed and immersed for 1 h at 37
• C in a digestive solution composed of 3 mg/ml of type I collagenase and 4 mg/ml of dispase in PBS containing 40 mg/ml of gentamicin. Once digested, the solution was filtered through 70 μm Falcon strainers (Becton & Dickinson). Cells were cultured in basal growth medium consisting of Dulbecco's modified Eagle's medium (DMEM) with 100 units/ml of penicillin, 100 mg/ml of streptomycin and 200 mM l-glutamine (all from Gibco), supplemented with10% heat-inactivated AB-HS (Invitrogen). Cells were maintained in a humidified atmosphere under 5% CO 2 at 37
• C and the media were changed twice a week.
Growth analysis and soft-agar assay
Cells were plated at a density of 50000 cells/well in 6-well plates and at a density of 100000 cells in T25 flasks; growth curves were performed at 24, 48 and 72 h, and 7, 14 and 21 days of culture. The cells were harvested and re-suspended in PBS. An aliquot of cell suspension was diluted with 0.4% Trypan Blue (Sigma-Aldrich), pipetted on to a haemocytometer and counted under a microscope. The number of viable cells for each experimental condition was counted and represented on a linear graph. The doubling time (DT) was determined from the growth curves or by using the formula:
where t and t 0 were the times at which the cells were counted, and N and N 0 were the cell numbers at times t and t 0 , respectively. In order to assay the possible tumorigenic potential, cells were plated in soft agar at a density of 500 or 1000 cells/well in 24-well plates in triplicate. The Colo 38 melanoma cell line was used as the positive control cell line. For the base layer, 0.8% soft agar was used. For the top layer, the agar stock solution was diluted with culture medium to obtain a solution of 0.3% agar in DMEM. Cells were successively plated and incubated for 21 days at 37
• C in a humidified atmosphere of 5% CO 2 in air. Colonies were stained with 150 μl/well of Nitroblue Tetrazolium at the concentration of 0.5 mg/ml in PBS, and counted using an inverted microscope (Nikon TS 100).
FACS analysis
Flow cytometry analyses were performed on hDPSCs at first passage of culture. Cells were incubated with FITC-conjugated anti-CD90, PerCP-Cy5.5-conjugated anti-CD105, APC-Cy7-conjugated anti-CD45 (all purchased from BD Pharmingen), and PE-conjugated anti-CD34 (Miltenyi Biotech) for phenotypic characterization, and FITC-conjugated anti-bone sialo-protein (BSP) (Biorbyt), anti-CFS-conjugated anti-osteopontin (OPN) (R&D Systems) and PerCP-Cy 5.5-conjugated anti-NANOG (BD Pharmingen) for evaluation of osteogenic differentiation and 
RNA isolation and semiquantitative PCR
Total RNA was extracted from hDPSCs after 7, 14, 21 and 40 days of culture, using an Ambion kit (Invitrogen, Life Technologies Italia) following the manufacturer's instructions. RNA was treated with DNase (Promega) to exclude DNA contamination and stored at − 80
• C. Complementary DNA synthesis was carried out from total RNA (1 μg) using VILO SuperScript (Invitrogen). PCR analyses were carried out using a Bioer LifePro Thermal Cycler (Life Technologies Italia) in which samples underwent a 2 min denaturing step at 94
• C, followed by 35 cycles at 94
• C for 30 s, 52-60
• C for 60 s, 72
• C for 30 s, and a final extension step at 72
• C for 4 min. Each PCR reaction was performed in a total volume of 12.5 μl containing 10 mM Tris buffer, pH 8, 0.2 mM of each dNTP, 1.5 mM MgCl 2 and 0.2 μM of each primer, 1 unit of Taq DNA polymerase and 1 μl of each cDNA. PCR was carried out using primer sequences and annealing temperatures listed in Table 1 . The amplification products were separated on a 2% agarose gel in Tris/acetate EDTA (TAE) buffer. The transcript amount of each gene was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Relative expression was calculated using ImageJ software (NIH).
Alizarin Red staining
After 28 days of culture, osteogenic phenotype was evaluated using Alizarin Red staining to visualize calcium-rich deposits produced by the cells. The samples were washed twice in PBS, fixed with 4% paraformaldehyde (PFA) in PBS for 30 min at 4
• C, and stained with 2% Alizarin Red solution, pH 4.2 (Sigma Aldrich) for 20 min at room temperature. Stained cells were extensively washed with deionized water to remove any non-specific precipitation. Micrographs were taken using a microscope Eclipse TE2000-S (Nikon) and a Nikon camera.
Immunofluorescence analysis
After 21 days of culture, hDPSCs seeded in 24-well plates were fixed with 4% PFA in PBS for 20 min at room temperature. After washing in PBS, samples were permeabilized with 0.1% Triton X-100 for 5 min and blocked with 1% BSA in PBS. Incubation with primary anti-OC antibody (sc-30044, Santa Cruz) was performed overnight at 4
• C. Primary antibody was revealed using an FITC-conjugated, anti-rabbit immunoglobulin G, secondary antibody. Nuclei were stained with Hoechst stain.
Micrographs were taken with a microscope EVOS FL Cell Imaging System (Life Technologies).
ELISA
To evaluate vascular endothelial growth factor (VEGF) levels produced by hDPSCs and released in the medium, a VEGF ELISA was performed using a VEGF Human ELISA kit (Thermo Fisher) according to the manufacturer's protocol. The media were collected at 7, 14 and 21 days. VEGF concentrations were read versus a standard curve at 450 nm using a spectrophotometer (DAS Plate Reader). The experiments were performed in triplicate.
Production of a woven bone tissue in culture
After 40 days of culture in standard medium, DPSCs give rise to samples of woven bone (WB), i.e. fibrous bone with a low level of mineralization. The appearance of these bone samples was scattered within each flask. They grow and build up into rounded 3D structures. The final thickness of the obtained tissue was related to the medium level height, and it was possible to obtain samples up to 15 mm in length. The area of the newly formed tissue could easily reach 1 cm 2 . WB samples were fixed in 4% PFA and paraffin. Paraffin-embedded WB sections were rehydrated with xylene, a decreasing scale of alcohols (100%, 95% and 75%) and distilled water, and were then stained with Alizarin Red S.
In vivo transplantation
WB samples, each sized 4×4 mm, were subcutaneously transplanted into the dorsal surface of 10-week-old athymic nude rats (Charles River Laboratories International, Inc.), with the purpose of assaying the capability of WB to give rise to well-vascularized and mature bone tissue. A total of 10 animals were used in this study. Similar samples of the same size were also used to test their ability to regenerate mandibular vertical defects. For this, mandibular defects were created in 10 athymic nude rats, according to previously described procedures [3, 18, 19] . Briefly, all athymic nude rats underwent general anaesthesia with isoflurane. A first incision of the left mandible was performed by a blade in order to expose the mandibular body. The latter underwent electrocautery to dissect the pterygomasseteric sling. Then, after measuring a 5×5 mm square of mandible defect with a pen, bone tissue was removed using a 1 mm high-speed cutting burr set at 3000 rev./min. WB samples were placed in the defect using resorbable sutures. After transplantation, athymic nude rats received analgesia using buprenorphine at the concentration of 0.1 mg/kg for up to 3 days and trimethoprim/sulfamethoxazole for up to 7 days to prevent infection. Athymic nude rats were monitored every 3 days and, 30 days after transplantation, they were sacrificed and the tissues collected for histology and immunofluorescence assay. Tissue samples were fixed in 4% PFA and decalcified with buffered 10% EDTA, pH 7.4. Paraffin-embedded tissue sections were rehydrated with xylene, a decreasing scale of alcohols (100%, 95%, and 75%) and distilled water, and were then stained with haematoxylin and eosin (H&E), Mallory's Trichrome stain or Alizarin Red S. For immunofluorescence, tissue sections were treated with 5% milk for 1 h, and incubated overnight at 4
• C with anti-human class I HLA antibody (Abcam) to assess the human origin of the tissue and anti-human CD34, OC and type I collagen (COLIA1; all from Abcam). Secondary antibodies were goat anti-rabbit FITC and TRITC (Abcam). The nuclei were stained with Hoechst stain, and the tissue samples were observed under the microscope (EVOS, Life Technologies). Isotypes and non-probed tissue sections were used as controls. The transplantation experiments were performed in triplicate. All animal experiments were approved by our internal animal ethics committee of the University of Campania 'L. Vanvitelli' of Naples.
Synchrotron X-ray phase-contrast microtomography and holotomography
Human DPSC cultures, 40 days from the start of culture, were dehydrated in a graded ethanol series (70%, 75%, 80%, 85%, 90%, 95% and 100%) with three changes at each concentration and 10 min between steps, and dried under a hood overnight before phase-contrast microtomography (phc-microCT) and holotomography (HT).
For phc-microCT analysis, a white beam without any filter was used with a sample-to-detector distance of 150 mm (corresponding to a single-distance phase-contrast set-up) and voxel size of 2.1×2.1×2.1 μm 3 for all the samples (n = 3). The exposure time was set to approximately 1 s per projection, with a total of 1800 radiographic images for all the samples. The reconstruction of the tomographic slices was performed using a phase-sensitive approach. The phase contrast, in the edge-enhancement regimen, differs from conventional X-ray imaging because the resulting images are not solely based on attenuation contrast. The effect of the X-ray beam going through the sample is described by the refractive index, n(r) = 1 − δ(r) + iβ(r), where δ(r) is the refractive index decrement and β(r) the attenuation index. As δ(r) is much larger than the imaginary part when studying weakly absorbing substances such as our DPSC cultures, the phase approach provides greater sensitivity than the absorption approach, which is normally used for fully mineralized tissues. δ(r) is actually proportional to the mean electron density, which in turn is almost proportional to the mass density. The method used for quantitative volumetric reconstructions of the refractive index n is based on a two-step approach: first, the phase projections are determined in the form of radon projections (phase retrieval) and then the object function, i.e. the refractive index decrement δ(r), is reconstructed by applying a conventional filtered-back projection (FBP) algorithm.
Typically, the phase retrieval implies the reconstruction of two different real-value 3D distributions, δ(r) and β(r); such reconstruction generally requires acquisition of at least two different 2D projections at each angle of view. However, in some cases, it can be shown by assuming that the distributions of the real and imaginary parts of the refractive index are proportional to each other, i.e. δ(r) = ε · β(r), where the proportionality constant ε does not depend on the spatial coordinates. This assumption is possible only for special classes of objects, such as pure-phase (i.e. very weakly absorbing) objects, or homogeneous objects, such as objects consisting predominantly of a single material (possibly with a spatially varying density). This last case is represented by the present hDPSC cultures in which, at the early stages of bone formation, there is a slow variation of the complex amplitude ('monomorphous' specimen). In this situation, a single projection per each view angle is sufficient for reconstruction of the 3D distribution of the complex refractive index [20] .
In this study, a phase-retrieval algorithm based on the transport of intensity equation (TIE) [21, 22] was applied to the acquired datasets, with parameters tuned to edge-enhancement reduction and balance-noise minimization. Then, the FBP algorithm was used to reconstruct the slices. The XTRACT software (CSIRO Mathematical and Information Sciences) was applied for both the TIE-based phase retrieval and the reconstruction of X-ray phase-contrast slices.
Volume rendering is a 3D visualization method by which data volumes are rendered directly, without the need for decomposition into geometric primitives. A Quad-Core Processor 2.01 GHz PC with 8 GB RAM and the commercial software VG Studio MAX 1.2 (Volume Graphics) were used to generate 3D images and visualize the phase distribution in 3D. Optimal image quality settings were obtained using the scatter HQ algorithm with an oversampling factor of 5.0 and activated colour rendering. X-ray contrast differences within samples translate into different peaks in the grey-level scale, corresponding to the different phases. The volume of each phase was obtained by multiplying the volume of a voxel by the number of voxels underlying the peak associated with the relevant phase. The mixture modelling algorithm (Plugin of ImageJ software, version 3) was implemented to threshold the histograms. Thresholded slices were used to automatically separate the different phases.
For the evaluation of the regenerated bone in DPSC cultures, the following quantitative descriptors were used: the bone volume:total volume ratio (BV/TV -expressed as a percentage), the bone surface:bone volume ratio (BS/BVexpressed in mm − 1 ) and the newly formed bone thickness (BTh -expressed in micrometres). The morphometric analysis was also performed using VG Studio MAX 1.2. A fourth hDPSC sample, also at 40 days from culture, and a Bio-Oss control were also submitted to HT. HT was performed with an ID19 Beamline (ESRF) using a beam energy of 20 keV. The radiographs were recorded with a cooled CCD camera (ESRF FReLoN) with a 14-bit dynamic range, 2048×2048 pixels and pixel size of 678 nm; 1500 projections were recorded over 180
• sample rotation at detector-sample distances of 7, 29, 59 and 119 mm. The HT approach differs from the phc-microCT method based on a single distance previously described. Here the acquisition took advantage of four different 2D projections at each view angle, allowing observation in the 3D reconstructions of the presence of new vessels and extracellular matrix (ECM), which, because of their low attenuation coefficient, are transparent in conventional attenuation-based tomographic reconstructions.
Solely for HT, we used a method of phase retrieval that has recently been used in experiments and described [23] . For this assay, for a better evaluation of the WB sample features, they were analysed constantly comparing their physical properties with those of human healthy mandibles and an acellular matrix, namely a commercial Bio-Oss (Geistlich AG Wolhusen).
Statistical analysis
Values are shown as the means+ − S.E.M.s of measurements of at least three independently performed experiments to avoid possible variation of cell cultures. Student's t-test was used, and P < 0.05 was considered to be statistically significant. Quantitative morphometric phc-microCT data are shown as means+ − S.D.s.
Results
Characterization and sorting of hDPSCs
At the first culture passage, cells were characterized by evaluating the expression of CD90, CD105, CD34 and CD45 using cytometric analysis. Cells were all positive for the mesenchymal markers CD90 and CD105, and negative for CD45. The expression of CD34 was approximately 20% ( Figure 1A ). This characterization is of paramount importance because only these cells constitute the stromal-vascular fraction of the dental pulp and are capable of giving rise to differentiation towards bone and vessels. Human DPSCs were sorted for CD34-and CD90-positive markers. 
Evaluation of cell proliferation and colony formation
Cell proliferation was evaluated at 24, 48 and 72 h ( Figure 1B) , and 7, 14 and 21 days ( Figure 1C ) of culture. Human DPSCs were found to actively proliferate, mainly during the first week ( Figure 1B) , with an average DT of 49+ − 2 h. Anchorage-independent growth is the ability of transformed cells to grow independently of a solid surface, and is a hallmark of carcinogenesis. The assay of soft-agar colony formation is a well-established method for characterizing this capability in vitro and is considered to be one of the most stringent tests for malignant transformation in cells. Human DPSCs did not form colonies in soft agar.
Analysis of stemness and osteogenic differentiation
In order to evaluate hDPSC stemness and osteogenic differentiation, a flow cytometric assay at different days of culture for CD90, CD34, NANOG, BSP and OPN was performed (Figure 2A ). Human DPSCs showed positivity (>98%) for the mesenchymal marker CD90. Levels of the stromal-vascular antigen CD34 decreased up to day 21. Expression of the stemness marker NANOG also decreased. The expression of osteogenic markers showed that BSP peaked at day 7 and then decreased; conversely, the expression of OPN increased significantly at 14 days.
Taken together, these results show that DPSCs produced a significant amount of proteins, such as BSP and OPN, involved in osteogenic differentiation. Further investigations on osteogenic differentiation were also performed using a semiquantitative PCR for COLIA1, RUNX2, bone alkaline phosphatase (bALP), BSP, OPN, OC, Osterix, at 7, 14 and 21 days of culture ( Figure 2B ). RUNX2 expression, the master transcription factor of osteogenic differentiation, significantly increased. The expression of OPN mRNA did not change over time as well as the levels of bALP.
BSP, OC and Osterix, a transcriptional factor activated in late osteogenic differentiation, were increased at 7 days of culture. COLIA1 increased at 14 days of culture and remained similar at 21 days. At 14 and 21 days, the expression of OC was unchanged. At 14 and 21 days, BSP continued to decrease. Conversely, Osterix mRNA levels remained high at both 14 and 21 days. In addition, dentin sialophosphoprotein (DSPP) mRNA expression was negative (data not shown), reinforcing the idea that the hDPSCs were devoted to the bone lineage.
Evaluation of mineralization and intracellular localization of OC
For better characterization of bone differentiation, Alizarin Red S staining and OC distribution were evaluated. Alizarin Red staining showed the formation of large nodules distributed in the flasks ( Figure 3A ). Immunoreactivity for OC was found to be noticeable at 21 days of culture ( Figure 3B ). Moreover, we observed that OC was located in the peripheral region of the cytoplasm.
Homing, chemotaxis and evaluation of angiogenesis
In order to evaluate a possible effect in homing and chemotaxis, we assessed the expression of integrin β 1 (ITGβ 1 ) and chemokine receptor type 4 (CXCR4). ITGβ 1 mRNA peaked only at 7 days of culture ( Figure 4A ). The expression of CXCR4 was induced at 14 days of culture, and drastically decreased in all the samples at 21 days ( Figure 4B ). The expression of VEGF and platelet-derived growth factor A (PDGF-A) mRNAs in hDPSCs was also evaluated after numerous days of culture by semiquantitative PCR (Figure 4C and D) . The expression of VEGF mRNA was significantly promoted, a trend retained throughout all the experimental conditions ( Figure 4C ). In contrast, VEGF release was initially similar at both 7 and 14 days of culture, but then it significantly increased at 21 days (P < 0.001) (see Supplementary Figure S2 ). The expression of the PDGFA gene was high at 7 and 21 days of culture, whereas, at 14 days of culture, expression was decreased ( Figure 4D ). Human DPSCs were negative for PDGF-B mRNA (data not shown).
In vivo grafting of WB samples
At the end of the culture period, DPSCs formed WB, made of fibrous bone ( Figure 5A ), as demonstrated by Alizarin Red S staining (see Supplementary Figure S1A ). WB samples, transplanted subcutaneously into the dorsal hypodermal layer of rats, formed a highly vascularized bone tissue ( Figure 5B and C) . After 30 days of transplantation, H&E staining revealed that xenografted WB was consistently remodelled into bone tissue ( Figure 5B ), in which osteocytes, periosteum and vessels were detectable, as indicated using Mallory's Trichrome staining ( Figure 5C ).
This bone was intensely positive to class I HLA ( Figure 5D-F) , which confirmed the human origin of the tissue. It is interesting that the detection of human neoangiogenesis was assessed by human CD34, which resulted in being strongly positive on vessels ( Figure 5G-I ). In addition, this tissue was positive to Alizarin Red S (see Supplementary Figure S1B ) and expressed OC and COL1A1 (see Supplementary Figure S1C and D) .
When transplanted in mandibular bone defects, after 30 days, WB samples formed a mature bone of lamellar type ( Figure 6A and B) . Histological evaluation revealed the presence of osteocytes included in lacunae and lamellae ( Figure 6A ). Moreover, structures resembling haversian canals were also detectable ( Figure 6B ). 
phc-microCT analysis of WB
The osteogenic potential of WB fabricated after in vitro hDPSC culture, as shown above in the present study, was validated by the quantitative data extracted from the 3D phc-microCT analysis. MicroCT could easily distinguish in 3D the newly formed bone phase from the hDPSC culture, producing images in which two different phases with different refractive indices were evident. The WB matrix and the newly formed mineralized clusters were coloured using 3D display software to make them more easily recognizable ( Figure 7 ). The woven structure is shown in white, whereas the newly formed mineralized bone (produced by the cells grown in the construct) is depicted in magenta ( Figure 7C ). Due to the experimental phase-contrast set-up and the TIE algorithm implemented for the data analysis ( Figure 7A  and B) , the grey levels -here referred to an unsigned 8-bit scale -are proportional to the refractive index decrement δ(r), which in turn is almost proportional to the mass density ρ of the different phases found inside the sample.
The amount of the newly formed mineralized portion (magenta phase in Figure 7C ) was calculated and the data obtained were expressed as BV/TV (%), i.e. the volume ratio of the newly formed bone structure (BV) to the total construct volume (TV), as BS/BV (mm − 1 ), i.e. the newly formed bone specific surface, and as the mean BTh (+ − μm), i.e. the thickness of the bone clusters. These mean parameters are reported in the bottom insert of Figure 7 , together with their S.D.s.
HT analysis of WB
For HT analysis, the volume of interest (VOI) considered was 895×1016×1376 μm 3 , divided into a stack of 8 (172 μm thick) voxel datasets in the vertical (z) direction. The voxel datasets (32-bit-float volumes per sample) were converted into the respective signed 8-bit datasets (grey scale from − 128 to + 127), and the distribution of grey values analysed using the software package VG Studio MAX 1.2. In both the samples, WB and the Bio-Oss used as a control, the histograms could be formally divided into three sectors: the first (furthest left), with an x-value < − 50, represented a fully mineralized phase (i.e. high bone mineral density); the second (middle) corresponded to not fully mineralized bone (i.e. a low bone mineral density); the third (furthest right), with an x-value >0, represented unmineralized phases (air, cells, extracellular matrix, vessels, etc.). The histograms are shown in Figure 8 (A) in which it is also reported that the histogram referred to a healthy mandibular biopsy.
Taking into account that the grey levels are proportional to δ(r), the refractive index decrement, it was found that the profile of the Bio-Oss was similar to that of the human healthy mandibular control biopsy; in fact, both 3D reconstruction of the 2D slices previously processed by phase retrieval: the woven structure is shown in translucent white, whereas the newly formed mineralized bone is depicted in magenta; (bottom inset) morphometric analysis of the 3D volumes.
samples presented coexisting areas of mineralized and unmineralized tissue, although the Bio-Oss presented a larger distribution of mineralized bone, with areas of higher mineralization with respect to mature human bone and areas with lower densities with respect to human bone under remodelling.
It is interesting that the profile of the WB sample was different with respect to both the Bio-Oss and the human healthy mandibular control samples: it presented a huge peak corresponding to not-fully mineralized bone, with lower density with respect to human bone under remodelling. In any case, it must be shown ( Figure 8A , inset top left) that a few spots of fully mineralized bone were already formed.
In Figure 8 (B), two representative subvolumes of Bio-Oss are shown: one, referring to the histological analysis, was used as a reference ( Figure 8B, panel a) ; the other is the 3D HT reconstruction and respective data analysis ( Figure 8B , panels b-d). Two phases are represented in the HT images: bone, independently of its degree of mineralization, and ECM ( Figure 8B, panels b-d) . One or more phases can be made translucent or even 'cancelled' in order to improve observation of the spatial distribution of the other phases. In Figure 8(B, panel b) , the unmineralized phases, apart from that representing unmineralized ECM (visualized in yellow), have been virtually deleted for better visualization of the bone (in shades of grey) and ECM. HT 3D reconstructions ( Figure 8B , panels b-d) demonstrated that Bio-Oss is mainly made of strongly mineralized bone. In Figure 8(B, panel c) , the ECM has been virtually deleted for better observation of bone morphology, which presents inhomogeneous mineralization. In Figure 8 This analysis was repeated for the WB sample ( Figure 8C ): it is evident that here the matrix is WB with few areas of mineralization ( Figure 8C , panels a-c). Moreover, there is 3D evidence of newly formed vessels (red arrowheads in Figure 8C , panel d); in fact density signals compatible with neovessels were found in several areas of the investigated WB sample.
Discussion
In the present study, HS was used during expansion and differentiation of hDPSCs in vitro, using GMP-approved HS. Freshly isolated hDPSCs were found to be positive for common mesenchymal stem cell markers. Later, hDPSCs were characterized during culture, and the differences in cell proliferation, stemness and osteogenic differentiation assessed.
Significant cell growth was detectable during the culture period. The expression of the CD90 marker remained unchanged throughout all the experimental conditions, indicating that these cells maintained the mesenchymal lineage, whereas the expression of NANOG decreased with time, implying that differentiation of the cells occurred. Human DPSC differentiation leads to a rather early osteoblast formation and ECM deposition; in fact, we noticed an increased expression of markers involved in ECM formation, namely BSP, COLIA1 and OPN, within 14 days, as well as clear Alizarin Red staining of ECM nodules. Moreover, OC expression, at the time, showed that OC mRNA had already been expressed at 7 days of culture, whereas OC protein, detected by immunofluorescence, was slightly distributed along the peripheral region of the cytoplasm. The latter is due to the fact that OC, as far as it is released in the ECM, binds calcium, forming mineralized nodules that are stained with Alizarin Red [24] . Bone ALP, a mature and late marker for osteoblastic differentiation, remained unchanged at 14 and 21 days, whereas it peaked at 7 days. RUNX2 and Osterix, the key transcription factors initiating and regulating early osteogenesis and late mineralization of bone, respectively [25, 26] , were found to be up-regulated. These data lead to the belief that a rather early osteogenic differentiation of DPSCs occurs. In previous studies [27] other researchers suggested that hDPSCs, cultured using HS, could be considered for cell therapy after a shorter period of expansion in vitro, but they did not obtain any bone sample in their experiments.
Another important issue to be considered is the vascular supply. In fact, when a tissue or organ is damaged, vascularization strongly contributes to the success of wound repair. Angiogenesis, as well as chemotaxis, homing and engraftment, are equally crucial to allow for the repair of an injured tissue by stem cells. Chemotactic stimuli recruit various cell types to the injury site. The interaction between the chemokine SDF1 and its receptor CXCR4, expressed on the hDPSC surface, is a key factor in the recruitment of these cells to the damaged area [28, 29] . The increase in CXCR4 expression on hDPSCs, found in the present study, may also be of interest.
During tissue reparation, the migration and organization of endothelial cells into capillary tubes are regulated by a paracrine and autocrine action of VEGF [30] . When the damaged tissue involves bone, the cells located in its inner part have a limited blood and oxygen supply. This major issue must necessarily be overcome in order to obtain good results in clinical practice. To this end, we observed the expression of VEGF and PDGF-A. These significant findings led us to believe that angiogenesis in this setting is strongly enhanced. The presence of VEGF and PDGF-A in the microenvironment could also modulate the expression of their receptors in surrounding mesenchymal cells [31, 32] .
A very interesting feature of hDPSCs is their capability to fabricate WB tissue in vitro, which, after in vivo transplantation, is remodelled to highly vascularized bone tissue, with its main characteristics being deeply studied and understood in the present study using sophisticated analyses, including synchrotron-based phc-microCT and HT. We have assessed, using phc-microCT, that these WB samples are mainly constituted of WB tissue, with small clusters of mineralized bone that we have visualized and quantified. HT added fundamental information related to the mineralization level of the WB sample, strictly proportional to the physical mass density, ρ (expressed in mg/cm 3 ). It is interesting that the WB sample, even if mainly constituted of WB with lower mass density with respect to mandibular bone under remodelling and strongly lower mass density with respect to the deproteinized bone of bovine origin (Bio-Oss), presented few spots of fully mineralized bone formed after 40 days of culture. This finding is in agreement with phc-microCT data, suggesting more extensive growth after WB in vivo grafting.
Furthermore, HT showed, in 3D, new vessels in the WB samples, confirming deductions derived from the evidence that hDPSCs strongly expressed high levels of VEGF and PDGF-A. Therefore, the elevated expression of VEGF and PDGF-A correlates with vessel formation in the WB; this is of paramount interest for the physiology of the bone produced in order to also supply neoangiogenesis. All the previous data were confirmed after in vivo grafting, demonstrating that the WB samples, when transplanted into the subcutaneous sockets, show a periosteum and osteocytes that are clearly visible, and positive for OC and COLIA1 and that, above all, when grafted into a vertical mandibular bone defect, undergo, in addition to complete remodelling, integration with the surrounding bone, forming lamellar bone tissue in which haversian canals and osteocytes are clearly visible. It is of interest that, being produced by the stem cells from the participant who is undergoing grafting using a GMP-approved HS with no need for a scaffold, WB is an ideal new natural tool for bone tissue engineering, with the added value of being ready for transplantation without the need for scaffolds and cells, which often compromise the accomplishment of grafting.
Taken together, our results strongly indicate that hDPSCs exert exceptional differentiation capabilities towards osteoangiogenesis, representing the gold standard for obtaining well-vascularized bone. Moreover, DPSCs can give rise to bone tissue samples, represented by a vascularized WB, with histological and physical features, as confirmed by phc-microCT and HT analyses, that lead to the conclusion that WB is a very interesting customized tool, ready for regeneration.
Clinical perspectives
• Being human dental pulp stem cells (hDPSCs) able to differentiate in bone like tissues, this study aimed to establish if hDPSCs can lead to a bone tissue ready to be grafted for clinical application.
• The results showed that hDPSCs proliferate, differentiate into osteoblasts and express angiogenic genes such as VEGF and PDGFA. After 40 days of culture, hDPSCs, formed fibrous bone samples as demonstrated by Synchrotron-based X-ray phase-contrast microtomography, holotomography and histology. In addition, when transplanted in rats, WB samples formed a vascularized bone tissue.
• The data lead to the assumption that bone samples, fabricated by DPSCs, constitute a noteworthy tool do not requiring the use of scaffolds, therefore being ready for custom regeneration in bone regeneration.
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